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ABSTRACT

The XYZ Potential Flow Program is a FORTRAN

program which computes approximate solutions to problems

of flow about three-dimensional bodies of arbitrary shape.

The surface of the body is approximated by a set of

plane quadrilaterals. The solution is constructed in

terms of a source density on the surface of the body.

The integral equation for the source density is approximated

by a matrix equation on the assumption that the source

density is constant in each quadrilateral. The matrix

equation is solved by an iteration procedure. A problem

with 500 quadrilaterals requires about 15 minutes of computer

time when run with a CDC 6400 processor and costs about

$50. A detailed discussion of the preparation of the input

and a sample problem are included. Additional routines

which compute streamlines on or off the body are described.

ADMINISTRATIVE INFORMATION

This work was sponsored by the Naval Ship Systems Command

originally under Subproject SR 003 100, Task L1572 and more

recently under Subproject SF 14532 106, Task 15325.
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I. INTRODUCTION

The XYZ Potential Flow Program is a computer program for

the computation of irrotational, incompressible potential flow about

three-dimensional bodies of arbitrary shape. This program,

originally coded for the LARC computer, has been converted for use

with the IBM 360-91 and the CDC 6700 computers. All the coding is

in standard FORTRAN.

The method is essentially that used in the Douglas Aircraft
1$2

Program The body surface is approximated by a set of plane

quadrilaterals and the solution is constructed in terms of a source

density on the surface of the body. The integral equation for the source

density is approximated by a matrix equation on the assumption that

the source density is constant in each quadrilateral, The source density

in a quadrilateral is chosen so that the normal component of the velocity

is zero at one point in the quadrilateral. The matrix equation is

solved by a simultaneous displacement iteration scheme with a two-

eigenvalue extrapolation procedure to speed up convergence. A problem

with 500 quadrilaterals takes about 15 minutes of computer time when

run with a CDC 6400 processor.

The input description was arranged to minimize the difficulty of

preparing input for sequences of problems in which only part of the

body is changed. Several checks are made on the input to reduce the

chance that input errors will go undetected.

1 Hess, John L. and A. M. 0 . Smith, "Calculation of Non-Lifting

Potential Flow About Arbitrary Three-Dimensional Bodies, " Douglas
Aircraft Company Report No. E. S. 40622, March 1962.

2 Hess, John L. and A. M. O. Smith, "Calculation of Potential Flow

About Arbitrary Bodies, " Douglas Aircraft Company Engineering Paper
3327, published in The Pergamon Press Series "Progress in
Aeronautical Science," volume 8, 1966,
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There are two versions of the XYZ Potential Flow Program

(XYZ PF). Version I is the standard version. Version II is a special

program designed for problems with inlet pipes. Chapter IV deals

with the special features of Version II. The remaining chapters have

been written for Version I but generally apply to Version II as well.

II BRIEF DESCRIPTION OF THE METHOD

The problem to be solved involves a stationary, three-dimensional

body in a moving ideal fluid. The fluid is assumed to have a uniform

velocity at infinity (V). The velocity potential satisfies the following

equations:
2

v 2P = 0 in the fluid (1)

= 0 on the surface of the body (2)an

P= -x.V -yoV -zoV at infinity (3)

x y z

where n indicates the direction normal to the surface0 A solution

to these equations is constructed in the form of a source density (S)

on the surface of the body,

(j(p)= S(q) - dA -XOV -yoV -ZoV (4)
Body Surface px )y qz

where r(p,q) is the distance between the point p and the point q on

the body. Note that Equations (1) and (3) are satisfied by 9 as defined

by Equation (4). The boundary condition on the body, Equation (2), can

be applied to obtain an equation for the source density (S).

3



0- =- 2nS(p)+ jj S(q) )dA
anp Body Surface a p( r ) dqq

(5)
-n °V -n °V - n °V

px W py W pzx y z

Of course this equation is good only when the normal vector n is

defined for every point on the surface. According to Hess and Smith,

convex corners do not cause trouble in practice, but concave corners

do. Thus, concave corners should be rounded. The problem of

concave corners is discussed in the description of Version II in

Chapter IVo

The surface of the body is approximated by a set of plane

quadrilateral elements which are generated from the input. The source

density is assumed to be constant in each of these elements and is

computed by satisfying Equation (5) at one point in each of the quadri-

laterals. The point chosen is the one at which the velocity induced by

the quadrilateral itself is zero. This point is called the null point.

(The centroid can also be used.) Thus, the integral Equation (5) is

approximated by a matrix equation

Si C•Cij S+V (6)

where C =- f ) dA
ij 27Quad. j ni j

C = 0, and

V. = -2-(nxV +n V +n V1x y Y z 0Wx y z

Equation (6) is solved for Si by the iterative procedure described

on page 6 Then the velocity components at each null point are

4



computed from the following equations:

VX. = E VI..S.+V (7)
x

VY° = L V2°.s.+v (8)i i j i OD(y

3Z 13 3 +V
vz. = z v3..s.+V (9)

z

where v = - -
Quad. j 6

= - ii -- (-)dA, and
ij Quad. j y ij

Quad. j 13

V3. = - is -L(
ij Quad. j 13 i

The pressure is then computed from the velocity.

An integral over a quadrilateral is evaluated by one of three methods,

depending upon the ratio of the distance of the ith point from the

quadrilateral to the maximum dimension of the quadrilateral. If the

ratio is greater than 4. 0, the quadrilateral is approximated by a

monopole (as if it were concentrated at one point). If the ratio is greater

than 2. 0 and less than or equal to 4. 0, the quadrilateral is approximated

by a quadrupole. If the ratio is less than or equal to 2. 0, the integrals

are evaluated exactly. The approximate methods are used because they

require much less time than the exact method. The evaluation of the
112

integrals is extensively discussed by Hess and Smith1'

The velocity at points off the body is computed from the source

terms (S) by equations similar to Equations (7), (8), and (9).

Points on an off-body streamline are computed by a Runge-Kutta

integration with respect to time of the velocity. The velocities are

5



computed in the same way as at other off-body points.

Points on an on,- body streamline are computed by assuming that

the velocity in a quadrilateral is constant and equal to that at the null

point.

III. SPECIAL FEATURES AND DIFFERENCES FROM

THE DOUGLAS PROGRAM

XYZ PF differs from the Douglas program in several respects.

These differences and special features are-

(1) The input to XYZ PF is arranged to facilitate the preparation

of input for a series of problems in which only one part of the body is

changed. Also, a number of checks are made on the input to help

detect errors. Details are given in the description of the input.

(2) An option was added for the recomputation of the source

density and velocities for only part of the body when only small changes

are made. This option also provides for the use of the solution of one

problem as an initial guess for the solution of another problem.

(3) The matrix of influence coefficients is computed column by

column instead of row by row. This column arrangement was used for

the original LARC computer version because it required much less high-

speed memory0 The computation of the coefficients is also about 10%

faster this way than with the row-by-row arrangement.

(4) A simultaneous displacement iterative scheme is used to

solve the matrix equation for the source density. This scheme is slower

than the successive displacement (Gauss-Seidel) scheme used in the

Douglas program, but it can be carried out using the matrix column by

column instead of row by row,

6



(5) When possible, an extrapolation procedure is used to reduce

the number of iterations required for convergence. Assume that n

iterations have been completed and let Si(P) be the source density at

point P for iteration n-i. If there is only one dominant eigenvalue X

and n is sufficiently large, Si(P) may be approximated by

Si(P) ; Sf(P) + E(P) n-i (10)

where Sf(P) is the exact solution and E(P) is the eigenvector associated

with X. For /,

A), + (1-A) = 0 (11)

Now Equation (10), with i = 0, 1, 2, can be solved for a value of A at

each point P.

A(P) = (SI(P) - S2 (P))/D(P) (12)

where D(P) = S0 (P) - 2S 1 (P) + S2 (P). Since, in general, A(P) will

change from point to point, a weighted average A over all the points is

used. For the weighting function the absolute value of D(P) is chosen,

because D(P) may be very small or zero at points where the dominant

eigenvector is very small or zero. The value of A(P) at these points

may be greatly different from that at most other points. Thus, for

-[Px (S (P)-S 2 (P))(Sign of D(P))

"A = Max P (13)

P ID(P) I

P=7

7



After every fifth iteration a new A is computed. If A has not

changed by more than 0. 02 from the last A,. the solution is extrapolated.

The extrapolated solution S,(P) is

s,(P) S So(P) + ( I(14)

The procedure is different when there are two dominant eigenvalues

instead of only one. Then

Si(P) Sf(P) + E (P) X (ni)• + E 2 (P) x(n-i) (15)

For x and >2

B 22 + B I + B B2 ) 0 (16)

which has roots X and x

The solution for B1I and B2 at each point P is obtained from

B1(P) ([S 4 (P)-S 3 (P) I [S 4(P)-2S 2 (P)+S0 (P)3-1S 4 (P)-S 2 (P)]

B2 (P) £rS4 (P)-S 2 (P)j [S4 (P)-2S3 (P)+S2 P(P)]-[s 4 (P)TS3 (P)J

C $4 (P)-S3 (PM-SP2 PS 1 (P)] )/D(P) (17)

D(P)= IS 4(P)-2S3 ÷(P)+S2(P)±S 2 (P)] [S 4 P>-2S2 (P)+S0 (P)]

-[S (P)-S MP•S (P)±S(P)j 24 3 ý i,

As with A(P), a weighted average of B A(P and B2 (P) is obtained

using the absolute value of D(P) for the weIghting function. If the

weighted averages B1 and B2 do not change from one set of five

iterations to the next by more than 0. 02 (ItB11 + IB 2 1 ) then the

solution is extrapolated and

8



S,(P) = B 2 S0 (P) + B 1 S1 (P) + (1-B 1 -B 2 )S2((P) (18)

For many problems the dominant eigenvalues are complex and thus

the solution can be extrapolated only by such a two-eigenvalue method.

Extrapolation is very effective; the number of iterations is often

reduced by a factor of 4.

IV. VERSION II, INLET PIPES AND CONCAVE REGIONS

Version II of XYZ PF was designed expecially for problems involving

deep concave regions. For these problems Version I produces a

solution with an excessive amount of leakage through the walls because

the boundary condition is satisfied at only one point in each quadri-

lateral. Thus, if the normal component of the velocity changes with

position in the quadrilateral, there may be a net flow through the

quadrilateral. For most external flow problems there is not enough

leakage to cause trouble. However, in problems with deep concave

regions the effect is devastating. Even the external parts of the body

leak as a result of the strong source on the concave part.

To eliminate this leakage, the net flow through the quadrilateral

must be eliminated by setting the integral over the quadrilateral of the

normal component of the velocity equal to zero. Since this integration

cannot be performed analytically, a five-point quadrature formula is

used. The five points are the centroid and the four surrounding points

computed from weighted averages of the four corner points as shown in

Equations (19).

XQ(1) = AIXC(1) + A2*(XC(2)+XC(4)) + A3*XC(3)

XQ(2) = A1*XC(2) + A2*(XC(3)+XC(1)) + A3*XC(4)

9



XQ(3) AI*XC(3) + A2*(XC(4)+XC(2)) + A3*XC(1)

XQ(4) AI*XC(4) + A2*(XC(I)+XC(3)) + A3*XC(2) (19)

where XQ(I), I 1 2, 3, 4 are the quadrature points

XC(I), I ,2, 3, 4 are the corner points

A-1 0.736222

A2 0.105556

A3 0.052778

The Y and Z coordinates of the quadrature points are found in a

similar manner. The weights for the point, are then found so that the

quadrature formula will correctly compute the integrals of a constant,

X, Y, X2 and Y2 . Despite efforts to find a. way of computing the

quadrature points so that more functions would be correctly integrated,

no method was found that would work for every quadrilateral. However,
S3

for a square this quadrature formula will correctly integrate XY, X
2 2 3 22 2

XY9 XY2XY y3and (X2+Y)

Since the integration over the quadril.teral is not exact, there will

still be some leakage, but it is usually much less than with Version I.

However, unless care is used in the arrangement of the quadrilaterals,

the errors may be very large. Although the choice of quadrilateral

size and arrangement is still largely an art, the following rules are

useful-,

(1) The quadrilaterals must fit together tightly in the concave

region without any gaps. Such a fit may require the use of "triangular

quadrilaterals" in some places0 A "triangular quadrilateral" is formed

when two corner points coincide or when three corner points lie on a

line.

(2) The angle formed by the normal vectors of two adjacent

quadrilaterals in a concave region should not be greater than 3000

10



(3) The length of a quadrilateral in a cavity or pipe should

not be greater than 1/6 of the diameter of the cavity or pipe.

V. ORGANIZATION OF THE PROGRAM

The XYZ PF program is divided into seven sections, Section 1

reads the input cards, computes the descriptive parameters for each

quadrilateral, and checks for errors. Section 2 computes the matrix

elements in the matrix equations for the source density and the velocity

for points on the body. Section 3 solves the matrix equation for the

source density. Section 4 computes and edits the velocity and pressure

for points on the body. Section 5 computes the velocity and pressure at

points off the body. Section 6 computes points on streamlines that do

not touch the body surface. This section replaced an earlier one

programmed by Jorgen Strom Tejsen. Section 7 computes points on

streamlines on the body surface. Figures 1 through 7 show the flow

charts for these sections. These sections are outlined on the following

pages.

SECTION 1

A. Read, store, and edit the problem title and the control parameters.

B. Read the first point card and set the section indicator.

C, Store the coordinates of the point and a point indicator in four

(40 by 70) arrays in the positions indicated by the M and N indices on

the point card.

D. Read the next point card and check the section number against

the section indicator. If they are the same, return to C. Otherwise,

continue to E.

11



E. Set up DO loops to sweep point indicator array.

F. Have the four corner points (N, M; N, M+1; N+1, M+1;

N+1, M) been specified? If not, skip to the end of the DO loops. If so,

continue.

G. Fit a plane quadrilateral to the input points. Compute the

normal vector, area, new corner points, second and third vectors of

the quadrilateral system, centroid, and null point.

H. Store the normal vector, null point, and area in one array

designated by T. Store the other quantities in a second array designated

by B.

I. Test for errors in the input. One test is for large deviations of

the four input points from a plane. The second is for normal vectors

not pointing away from the origin. The third is for long thin quadri-

laterals. If a test fails, a warning message is printed out. The solid

angle subtended at the origin by the quadrilateral is computed and

added to a partial sum for later testing. None of these tests will stop

the program.

J. Edit and print the following information on the quadrilateral:

N and M for the first corner point

P - the number of the quadrilateral

Xl, Ylý ZI - the coordinates of the M, N input point

X2, Y2, Z2 - the coordinates of the M+1, N input point

X3, Y3, Z3 - the coordinates of the M+l, N+I input point

X4, Y4, Z4 - the coordinates of the M, N+ I input point.

XP, YP, ZP - the coordinates of the null point.

XN, YN, ZN - the components of the normal vector.

D - the distance that the input points were moved to make
a plane quadrilateral.

A - the area of the quadrilateral.

12



K. Test the B-array index to see if the B-array is full. If so,

write out the B-array on file 4 and reset the B index. Also increment

the index for the T-array.

L. End of the DO loops for sweeping ýhe point indicator array.

M. Set the section indicator for the next section. Test for the

end of the input. If there are no more sections, continue to N, otherwise

return to C.

N. Test the number of quadrilaterals against the number of

quadrilaterals indicated in the input. If they are different, print out an

error message and stop. Test the solid angle subtended at the origin.

If it is very different from both 4r and 0, print out a warning message.

0. Write the parameters and the T-array on file 3. Transfer to

Section 2.

13



LL 0 c

00

UU-

-o 00

U-U

0.

z )

V14



SECTION 2

A. Read the parameter block, the T-array, and the first block

of the B-array.

B. Set up a loop to sweep the B- and T-arrays for all quadrilaterals.

C. Compute the lengths of the sides, the quadrupole moments, the

maximum diameter of the quadrilateral, and other quantities needed

for future use.

D. Set up a loop to sweep the T-array for all null points of the

quadrilaterals.

E. Compute the distance between the quadrilateral selected by

loop B and the null point selected by loop D. Test the ratio of this

distance to the maximum diameter of the quadrilateral. If this ratio is

greater than 4, transfer to H. If less than 4 and greater than 2, transfer

to G; otherwise, continue.

F. Compute the matrix coefficients for the influence of the

quadrilateral on the null point by the exact equations, and go to I.

G. Compute the matrix coefficients by the quadrupole equations and

go to I.

H. Compute the matrix coefficients by the monopole equations.

I. If not all the reflections in planes of symmetry have been used,

reflect the null point and return to step E. Otherwise, continue.

J. Add the contributions of the different reflections to obtain the

composite influence coefficients.

K. Test the storage areas for the various velocity influence

coefficients to see if they are full. If they are full, write out their contents.

L. Test for completion of the loop over the null points0 If not

completed, return to D. Otherwise, continue.

M. Read the next block of the B-array if it is needed.

15



N. Test for completion of the loop over the quadrilaterals. If

not completed, go to B. Otherwise, continue.

0. Write out remaining coefficients.

P. Transfer to Section 3.

16
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SECTION 3

A. Set the initial conditions for a flow at infinity of -1 in the

x-direction.

B. Compute the initial approximation to the source density.

C. Set the partial sum vector of the induced normal velocity to zero.

D. Read the first two blocks of coefficients.

E. Set up a loop over the quadrilaterals,

F. Pick up the source for the quadrilateraL.;

G. Set up a loop over the null points to step five points at a time.

H. Compute new partial sums for next five null points.

I. Check for the end of the coefficient block. If the end has been

reached, read the next block of coefficients.

J. Increment the index and test for the end of the loop over the

null points. If the loop is completed, continue. Otherwise, return to

step H.

K. Increment the indices and test for the end of the loop over the

quadrilaterals. If the loop is completed, continue. Otherwise, return

to step F.

L. Compute the new source density.

M. Test for convergence of the iteration scheme. If the iterations

have converged, go to 0. Otherwise, continue.

N. If a set of five iterations has been completed, compute A, B!,

B 2 Otherwise, return to C.

If A has converged, perform an A extrapolation and return to C.

Otherwise, continue0

If B1 and B2 have converged, perform a B extrapolation and

return to C. Otherwise, just return to C.

0. Write out the source density.

P. Test for the last flow. If this was the last flow, transfer to

Section 4. Otherwise, set conditions for the next flow and go to B.

18
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SECTION 4

A. Read the control parameters and source density from file 3.

B. Read the first block of velocity coefficients for each of the three

onset flows and start reading the second block.

C. Set up a loop over the quadrilaterals.

D. Pick up the source densities for all three flows for the

quadrilateral.

E. Set up a 1oop over the null points.

F. Compute the partial sums for the three velocity components for

each flcw.

G. Cbeck to see if the next block of coefficients is needed.. If it is

needed, check for completion of the last tape read, and start reading

the next block of coefficients.

H. Test. for the end of the loop over the null points. If the loop is

not finished, return to F. Otherwise, continue.

IL Test for the end of the loop over the quadrilaterals. If the loop

is not finished, return to D. Otherwise, continue.

J. Compute the absolute values of the velocities and the pressures

for the three flows.

K. Edit the velocities etc. and write them on the output tape.

L. Check to see if all flows have been edited; if so, stop.

Otherwise, continue.

M. Compute velocity and pressure for the next flow.

N. Edit the velocity and pressure for the flow and write them on

the output tape. Return to L.
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SECTION 5

A. Read the input giving the coordinates of the off-body points.

B. Read the problem identification, control parameters, null point,

normal vector, area, and source densities of the quadrilaterals from

file 3.

C. Read the first block of other quadrilateral information (corner

points, quadrupole, moments, etc.) from file 4.

D. Set the velocity at the off-body points to the free-stream velocity.

E. Set up a loop over the quadrilaterals.

F. Pick up the three source densities and compute such coefficients

as may be useful for computing the velocity induced at the off-body

points by this quadrilateral.

G. Set up a loop over the off-body points.

H. Determine the method of computation to be used by computing

the ratio of the radial distance between the quadrilateral and the off-

body point to the length of the longer diagonal of the quadrilateral. If

this ratio is greater than 4, go to K. If -it is greater than 2.5 but less

than 4, go to J. If it is less than 2. 5, contirtue to I.

I. Compute the induced velocity by means of an equation derived

from exact integration over a quadrilateral . Then go to L.

J. Compute the induced velocity by means of an equation derived

from a quadrupole expansion of the integral

K. Compute the induced velocity by means of an equation derived

from a monopole expansion of the integral I0

L. Check for the last reflection in a plane of symmetry. If this

was not the last reflection, reflect the point and return to H. Otherwise,

continue.

M. Add the induced velocity to the velocity already computed for

the point.
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N. Test for completion of the loop over the off-body points, If

it is not completed, return to H. Otherwise, continue.

0. If the next block of quadrilateral information (corner points,

quadrupole moments, etc.) is needed, read it from file 4.

P. Test for the end of the loop over the quadrilaterals. If the

loop has been completed, continue. Otherwise, return to F.

Q. Compute the pressure at each off-body point.

R. Edit and print the output.

S. Test for last flow. If the last flow has been edited, stop,

Otherwise, continue.

T. Compute the velocity and pressure for this flow. Write out the

edited output. Return to S.
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SECTION 6

A. Read the problem identification, control parameters, the T-array,

and the B-array.

B. Read the input giving the number of streamlines in this group,

the number of time steps to be taken along them, the length of the time

step, the components of the free stream velocity, and the coordinates

of the starting points.

C. Set indices for the first step of the Runge-Kutta integration of

the first time step.

D. Compute the velocity at the current point of each streamline.

E. Check for the end of the Runge-Kutta integration step. If it is

the end, skip to G. Otherwise, continue.

F. Compute the next point on each streamline. Return to D.

G. Edit and write out the current point and the velocity for each

streamline.

H. Reset the indices for the next Runge-Kutta step.

I. Test for the last time step. If this was the last time step,

continue. Otherwise, return to F.

J. Test for the last set of streamlines. If this was the last set,

stop. Otherwise, return to B.
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SECTION 7

A. Read the quadrilateral parameters and the three basic velocity

solutions from tapes 3 and 4.

B. For each quadrilateral compute the square of the radius of a

circle about the centroid which encloses the quadrilateral with 10% to

spare.

C. Read the number of streamlines, the numbers of the starting

quadrilaterals, the coordinates of the starting points, and the velocity

at infinity.

D. If the number of streamlines is zero, go to STOP, Otherwise,

start the loop over the streamlines.

E. Set the direction indicator to +1 so that the streamline is

traced in the direction of positive velocity.

F. Set the starting point to the projection of the specified starting

point on the starting quadrilateral. Set the quadrilateral number to the

starting quadrilateral number.

G. Compute the velocity at the quadrilateral. Compute values of a

stream-function at each corner point. The stream-function is chosen so

that it is zero at the last point of the streamline. (This can be done

because the velocity is constant in the quadrilateral.)

H. For each side of the quadrilateral perform the following steps:

1. Test the side for a zero of the stream-function. If the

stream-function is not zero on this side, skip to the next side.

2. Compute the coordinates of the point at which the stream-

function is zero.

3. Check to see if the point is in the right direction in relation

to the velocity.

4. Compute the square of the distance from the last point on the

streamline to the point just computed.
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If points on more than one side satisfy tests 1 and 3, take the point

farthest from the last point on the streamline. If no points satisfy

tests 1 and 3, skip to step M. Otherwise, continue.

I. Store the point just found as the last point on the streamline.

Store the quadrilateral number as the last quadrilateral number. Set

a quadrilateral index I equal to 1 and prepare to search for the next

quadrilateral through which the streamline passes.

J. If I is equal to the last quadrilateral number, skip to step M.

Otherwise, continue.

K. If the radial distance from the last point on the streamline to

the centroid of the quadrilateral is greater than the radius of the

circle enclosing the quadrilateral, skip to step M. Otherwis!e, continue.

L. Check to see if the last point of the streamline is close to one

of the sides of the quadrilateral by comparing the sum of the distances

between the last streamline point and two adjacent corner points with

the length of the side. If the point is close to one of the sides, go to

step G. Otherwise, continue.

M. Add one to the quadrilateral indicator I and, if I is less than or

equal to the total number of quadrilaterals, return to step J. Otherwise,

continue.

N. Write out the points on the streamline, and the velocity and

the pressure coefficient between the points,

0. Change the sign of the direction indicator. If the sign is now

positive, continue. Otherwise, return to step F.

P. End of the loop over the streamlines. If this was the last

streamline, return to step C. Otherwise return to step E.
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VI. PREPARATION OF INPUT

DESCRIPTION OF THE BODY

The surface of the body is divided into sections. Each section is

described separately from the other sections so that the description

of one section can be changed without requiring changes in the

descriptions of the other sections. Standard sections can thus be

described and various combinations of these sections can be used in

many problems with changes introduced as needed.

Each section is subdivided by two sets of lines, more or less at

right angles to each other. The input consists of the X, Y, and Z

coordinates of the points at the intersection of the lines and the indices

N, M to indicate the lines. The indices for the lines should be chosen so

that, when viewed from outside the body, N increases to the right when

M increases toward the top. Any rotation of this arrangement is also

permitted but a reflection will result in an inward-pointing normal

vector. Of course, if a left-handed coordinate system is being used,

N and M must be interchanged. See Figures 8, 9, 10 and also the

sample problem sphere in Figure 11.

The plane quadrilaterals which make up the approximation to

the surface are generated from the point data. A quadrilateral will be

generated only when the four corner points N, M; N, M+1; N+1, M+1;

and N+1, M are given. Thus, a section with a hole in it or a section

with two parts can be specified. The advantage of this arrangement is

that part of a body can be changed or more accurately represented

without requiring that all the points be renumbered.
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N 1 = 3 M =

Figure 8 - Correct Indexing of Lines in Right and Left Handed
Coordinate Systems
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M=4 
M=5

M=4

M=3
MM=3

M=2

M=1
M=2 N=7 N=8 N-9

M=1 .. --- --

N=1 N=2 N=3 N=4 N=5

Part 1 with a hole Part 2 to fill the hole

Figure 9 - Example of a Section in Two Parts with a Hole in One Part
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N=I, 2, 3, 4, 5, 6,
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M=I

N=1, 2, 3, 4

Figure 10 - Representation of a Submarine
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ORGANIZATION OF THE DATA AND FORMATS OF THE CARDS

The input consists of an identification card, a parameter card,

point cards, and cards for additional flows. The identification card,

placed first, contains in columns 2 through 60 information to identify

the problem.

The parameter card is second and contains the parameters listed

below. The FORTRAN format for this card is (614, F8. 4, 314). All

integers must be right justified as blank columns are interpreted as

zeros. Other numbers must include a decimal point.

Parameter Column Description

NQE 2-4 Number of quadrilateral elements to be
specified by the point cards. The
maximum value permitted for NQE is 650.

NSE 6-8 Number of sections used.

MIX 10-12 Maximum number of iterations to be
performed for the X flow. A smaller
number of iterations will be performed
if the convergence test is passed.

MIY 14-16 Maximum number of iterations for the
Y flow.

MIZ 18-20 Maximum number of iterations for the
Z flow.

ISM 24 Number of planes of symmetry
0 indicates there are no planes of

symmetry
1 indicates that Y'-.0 is a plane of

symmetry
2 indicates that Y=0 and Z=0 are

planes of symmetry
3 indicates that Y=0, Z=0 and X=0 are

planes of symmetry

EPS 25-32 Convergence criteria used in testing the
convergence of the iterations.
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Parameter Column Description

IUCT 36 Centroid indicator. If IUCT > 0, the
centroid is used in place of the null point.
If IUCT is blank or zero the null point
is used.

IPS 38-40 Quadrilateral numbers used when small
IPF 42-44 changes are being made in a previous

problem. The values of IPS and IPF
are obtained from the edit of the previous
problem. New values of the source density
are computed for the quadrilatera ls
IPS through IPF. The values of the source
density from the previous problem are
used for the values of the source density
not computed and as an initial guess
for the values of the source density
being computed. The new problem may
have a greater or lesser number of
quadrilaterals than the previous problem
only when the part being changed is at
the end of the input. When there is no
previous problem, IPS and IPF should
be left blank.

ISP 47-48 Option indicator for SECTION 1.
+1 stops the problem at the end of

SECTION I so that any input
errors can be found and corrected
with a minimum use of computer
time.

S0 indicates a normal run0

-1 blocks the writing of file 3. It is
used for restarting a problem
when file 4 must be regenerated but
not file 3.

Each point card contains the following information for one point on

the body surface. The FORTRAN format for this card is (3F12. 5,

414, F12. 5).

XI 1-12 X-coordinate of the point.

YI 13-24 Y-coordinate of the point.
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Parameter Column Description

ZI 25-36 Z-coordinate of the point.

NI 39-40 N index of the point. NI < 71

MI 43-44 M index of the point. MI < 41

NS 45-48 Section identification number. Any
positive integer from 1 to 9999 may be
used. In general each section should
have a unique section number. However,
two sections can have the same
number if they are separated by another
section.

NE 52 Change indicator for the direction of
the normal vector. When NE on the
first card of a section is not blank or
zero, NI and MI are interchanged for
that section to change the direction of
the normal vector, On other cards NE
is ignored.

VN 53-64 Normal component of the velocity at the
body surface. Usually blank or zero.
For bodies with inlet pipes however, a
nonzero VN is desirable on some
sections. The value of VN from the
first card in a section is used for the
entire section.

All point cards for one section must be together, but within the

section they may be in any order.

Cards for additional flows to be edited follow the last point card for

the last section. A maximum of 18 flows may be edited. The FORTRAN

format for these cards is (3F12. 5). On each card are specified the

three components of the free stream velocity for one flow as follows:

VXI 1-12 X-component

VYI 13-24 Y-component

VZI 25-36 Z-component

A blank card must follow the last flow card.
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OFF-BODY POINTS

Computation of the velocity and pressure at points not on the body

is carried out separately from that for the points on the body. This

arrangement was convenient for the programming and also allows

computation of the velocity and pressure at additional off-body points

at any time, provided that files 3 and 4 from Sections I through 3 have

been saved. File 4 may be easily regenerated by rerunning Section 1.

The first card of the input contains the number of off-body points

in columns 2-4. (FORTRAN format (M4))o

Each of the remaining cards contains the X, Y, Z coordinates of one

off-body point, the X-coordinate in columns 1-12, the Y-coordinate in

columns 13-24, and the Z-coordinate in columns 25-36. (FORTRAN

format (3F12. 5) ). A maximum of 500 off-body points may be specified.

STREAMLINES

Off-body streamlines are computed by SECTION 6. Files 3 and 4

from SECTIONS 1 through 3 are required just as they are for SECTION 5.

The following input is required for each set of off-body streamlines:

The first card contains the following quantities in a FORTRAN

format (314, 4F12. 5).

NOBP 2-4 Number of streamlines in this set of
streamlines. The maximum number is
I00o

NST 5-8 Number of time steps to be taken. The
slowness of the computation is the only
limitation on NST.

IEND 12 Indicator to signal the last set of
streamlines. When IEND is blank or
zero, another set of streamlines will
be expected. When IEND is 1, this set
will be the last.
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DT 13-24 Time step; may be positive or negative,
depending on the direction in which the
streamlines are to be traced.

VXI 25-36 X-component of the free stream velocity.

VYI 37-48 Y-component of the free stream velocity.

VZI 49-60 Z-component of the free stream velocity.

Each remaining card in the set contains the X, Y, Z coordinates

of the starting point for one of the streamlines. The X-coordinate is

in columns 1-12, the Y-coordinate in columns 13-24, and the

Z-coordinate in columns 25-36. (FORTRAN format (3F12. 5)).

On-body streamlines are computed by SECTION 7. File 3 from

SECTIONS 1 through 4 is required. The following input is required for

each set of streamlines. The FORTRAN format for each card of this

input is (3F12o4, 14).

The first card for a set of streamlines contains the components

of the free stream velocity (VXI in' columns 1-12, VYI in columns

13-24, VZI in columns 25-36) and the number of streamlines in the

set NLIN in columns 39 and 40.

The remaining cards in the set contain the coordinates of the

starting point (X in columns 1-1.2, Y in columns 13-24, and Z in

columns, 25-36) and the quadrilateral number of the starting quadrilateral

(NSP in columns 37-40). The quadrilateral number is the value of P

in the output from SECTION 1. (See page 12.)

A blank card must follow the last set of streamlines.

CHECKS MADE ON THE INPUT

SECTION I of XYZ PF makes several checks on the input while it

constructs the plane quadrilateral elements used to approximate the
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body. These checks are:

1. LARGE D. Since four points do not generally lie in a plane, it

is necessary to move the corner points a distance D in constructing

the plane quadrilateral. If D squared is more than. 002 times the

area of the quadrilateral, a warning message is printed out. This test

helps in detecting keypunching errors in the point cards. However, a

quadrilateral may sometimes fail this test when there is no error in

the input, so the test does not stop the program.

2. INWARD NORMAL. To obtain the proper solution, it is

necessary to have the normal vectors pointing outward from the body.

Most (but not all) outward pointing vectors will also point away from

the origin. A check is made for normal vectors pointing toward the

origin and a warning message is printed out if a normal vector points

toward the origin. This test will not stop the program.

3. LONG THIN QUAD. Long thin quadrilaterals can result from a

point that is out of position but is in the plane of the quadrilateral. To

detect such points, a check is made of the ratio of the square of the

circumference to the area of each quadrilateral. If this ratio is greater

than 36 (as for a rectangle 7 units long and I unit wide), a warning

message is printed out. This test will not stop the program.

4. CROSSED QUADRILATERAL. This message is printed when

the diagonals of the quadrilateral do not cross. This test stops the

program at the end of SECTION 1.

5. NUMBER OF QUADRILATERALS. A check is made of the

number of quadrilaterals generated from the input against; the number

specified by NQE. If they are different, an error message is printed

and the program stops.
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6. SOLID ANGLE. The surface of any body that encloses the origin

will subtend 'a solid angle of 47r. If the body does not enclose the origin, 4

the solid angle will be 0. The solid angle is computed and, if it

differs from 4r or 0 by more than . 05, a warning message is printed

out. The calculation of the solid angle is fairly crude so that a

problem may fail this test even if there is no error in the input,

especially if the body is crudely represented or if the surface passes

close to the origin. This test will not stop the program.

EXAMPLE OF INPUT

The input for a sample problem of flow around a sphere is given

here to clarify the description on the preceding pages. To save space

very few quadrilaterals we're' used in this problem.
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Figure 11 - Representation of a Sphere
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VH. OUTPUT

The edited output includes the following information: (See Appendix A

for a sample of edited output.)

.. The problem identification and information from the

parameter card.

2. Information on each of the quadrilaterals specified by the

input, This includes

a. Warning messages about possible errors.

b, M, N - the indices for the first corner point.

c. P - the quadrilateral number in the total array of

quadrilaterals.

d. X1, Y11 ZI - the coordinates given for the first corner

point. (Point M, N).

e. X2, Y2, Z2 - the coordinates given for the second

corner point. (Point M+IN).

f, X3, Y31 Z3 - the coordinates given for the third corner

point. (Point M+l,N+l).

g. X4, Y4ý Z4 - the coordinates given for the fourth

corner point. (Point M, N+1).

h. XPYP, ZP - the coordinates computed for the null point.

i. XN, YN, ZN - the components of the normal vector.

j. D - the distance the corner points must be moved to

make them all lie in the same plane.

k. A - the area of the quadrilateral.

3. Information about the convergence of the iterations for

computing the source density. This information includes

44



a. The sum of the absolute values of the changes in the

source density from the last iteration.

b. A, B 1 , and B2 - the extrapolation coefficients computed

from the last five iterations. (Once every five iterations.)

c. A message indicating extrapolation has been performed.

4. The edit of the final solution includes, for each of the three

basic flows,

a. The point number - the same number as theP in

Part 2. c of the output.

b. X, Y, Z - the coordinates of the null point.

c. VX, VY,VZ - the components of the velocity at the null

point.

d. ABS V - the absolute value of the velocity.

2 2
e. CP - the pressure coefficient, CP = 1 - V2/V

f. The source density.

g. The normal component of the velocity.

5. The edit of the solution for each additional flow includes the

same items as for the three basic flows except that items L and g. are

omitted.

6. The edited output for the off-body points includes, for each

basic flow and for each additional flow,

a. X, Y, Z - the coordinates of the point.

b. VX, VY, VZ - the components of the velocity.

c. ABS . V - the absolute value of the velocity.

d. CP - the pressure coefficient.

7. The edited output for each off-body streamline includes the

coordinates of the points and the components of the velocities for the
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streamline at each time step.

8. The edited output for each on-body streamline includes

the coordinates of points on the streamline plus the components

of the velocity and the pressure coefficients between these points.

VIII. OPERATING INSTRUCTIONS

COMPUTER REQUIREMENTS

The XYZ Potential Flow Program is designed to run on the CDC

6700 computer and uses about 50, 000 words of computer memory and

about 6, 000, 000 words of mass storage. The program should be

compiled and stored on a permanent disc file. To prepare the control

cards necessary to run the program the user must be familiar with

the NSRDC CDC 6700 computer system.

STANDARD OPERATION

For a standard run the program is set up as shown in Figure 11 and

Appendix A. Note that file 3 (TAPE03) and file 4 (TAPE04) are saved

on permanent disc files for use in subsequent runs. These permanent

files must be purged when they are no longer needed. File 01 uses

a scratch tape rather than a disc to avoid exceeding the maximum

allowable disc storage. For small problems (under 500 quadrilaterals)

file 01 could be a scratch disc.

RERUNNING SECTIONS 5, 6 AND 7

SECTION 5 can be rerun at any time, provided that files 3 and 4

from SECTIONS 1 through 3 have been saved. If file 4 has not been

saved, it can be easily generated by rerunning SECTION I with ISP

set to -1 (see page 35). SECTION 6 or SECTION 7 can be rerun for
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- Control Cards

Figure 12 - Deck Setup for Standard Run
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additional streamlines by using a similar deck setup. The deck setup

for a rerun of SECTIONS 5, 6, and 7 is shown in Appendix C.

RERUNNING A PROBLEM WITH SMALL CHANGES

When a number of very similar problems are to be solved, it may

be desirable to solve for the flow over the entire body only once and

then to assume this solution for most of the body and obtain a new

solution only in the region containing the part that was changed. (See

page 35 for changes in the input.) The setup for such problems is the

same as for a standard run except that file 3 (TAPE03) of the original

problem is mounted as file 12 (TAPE12).

STOPPING AT THE END OF SECTION 1

For large problems where the probability of at least one error in

the input is high, it is advisable to stop at the end of SECTION 1 and

examine the edit of the quadrilaterals. A I in column 48 of the

parameter ýcard will cause the program to stop at this point. (See

section on input, page 35.)

ESTIMATING COMPUTER TIME

The computer time required to solve a problem will depend on the

number of quadrilaterals used to represent the body and to a lesser

extent on the number of planes of symmetry and the shape of the body.

An estimate of the computer time required for SECTIONS 1 through 4

as a function of the number of quadrilaterals is given by Figure 13.

Most of this time is spent in SECTIONS 2 and 3.

The CDC 6700 computer at the Naval Ship Research and Development

Center has a 6400 Processor and a 6600 Processor0 The 6600

Processor is about three times faster than the 6400 Processor. To

simplify the bookkeeping, all times are given in equivalent 6400
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Figure 13 - Estimate of Computer Time and Cost for Version I
*Based on the low priority rates for the CDC 6700 at NSRDC as of March 1972.
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Processor minutes. (One 6600 Processor minute equals three

6400 Processor minutes.) The cost algorithm was designed so that a

problem will cost about the same amount with either Processor. An

estimate of the cost for SECTIONS 1 through 4 is also given in

Figure 13.
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APPENDIX A

DECK SETUP MOR A STANDARD RUN OF SAMPLE PROB3LEMf SPHERE

JOBOiA VE PC M13',wwu T4U0 OP2. * ''SPS JIOR CARD
CHARGEsCXXXspPPPPPPPPsCCq,0. * USER.S CHARG~F C(ýPr)
RF~tlEST9TAPEO3,*PFo
RU ,FO'JT, TAPE"'4 *PF@
.'TTACH(PF1,CXXXPF1O1) CXXX is USERS ID *

ATTACH(PF2,CXXXPF2')1
ATTACH(PF3 ,CXXXPF7391
ATTACH(PF4PCXXXPF40j)
ATTACH(PF5oC~XXXPF501l PPPPPPPPP P; USE~RS 408 NO"NER *
ATTACH('PF6,CXXXPF6(CU
ATTACH(PF7*CXXXPF7 1)
RFL ,65U00,'
SETCORE( INDEFsADDR)
PFl. VFRSION 1
RFL9,7500L~.
SEFT(ORF INlDFF9ADflR)
PF?. VEFRS.O; 101

S;ETCORE(INDFFoAnDP)
PF3. VERSION 1
RFL96500C.*
SETCORE( INDEFADDR)
PF4. VFRSION 1
CATALOG)(TAPE)3,CTXXXT,)3,ID)PPPPPPPPP)
CA TA LOG (T AP E04 ,CXXXT ID41[)PPPPP PPPP I
R FL o6 5,)u
SETCORE(,!Nr)FFAIf)R)
PF59 I VERSION I
PRFL.97 5 00 ),
SET(OREC INDEFADniP)
PF6e VERSION 1
R FL # 13 000() 0 .
SFTCORF(I?4flFFAn0'R)
PF7. VERSION 1
EXIT*

CATALOG(ITAPF')3,CXXXT.o3 , IDPPPPPPPPP)
CATALOG ITAPE(.'4oCXXXTC4,IDuPPPPPPPPP)

7/8/9 END OF RECORD
SAMPLE PROBLEM SPHERE

12 3 150 151) icO 3 .Y1

*92388 to ol826P 2 1
00O711 .4097 7 11 1 ? I
e9 23188 ~3 R26 8 2i 12
8 s88o08 0~2504 .3 2 5rl4 2 2

.67383 6303201 .67383 2 3



.70711 .70711 .0 3 1 1

.67383 .67383 .30320 3 2 1

.57735 o57735 o577351 3 3 1

o38268- 0.923 88 .01 2 2
070711 o70711 .0 1 3 2
.0 .92388 o38268 2 1 2
.32504 *88808 o32504 2 2 2
.67383 016738ý &30320 2 3 2
.0 o70711 070711 3 1 2
o30320 .67383 .67383 3 2 2
957735 o57735 .57735 3 3 2
.0 .0 1.001 i
00 .38268 &92388 1 2 3,
.0 .70711, .70711 1 3 3
o38268 .0 92388 2 1 3ý
o32504 o32504 .88808 *2 2 3
o30320 o67383 .67383 2 3 3
*70711 .0 970711 3. 1 3
o67383 o30320 .67383 3 2 3
.57735 .57735 .57735 3 3 3
.57735 o57735 o57735

7/8/9 END OF RECORD
4
0999 .888 .777

15.0 .0 -1.0

.0 .0 2.0
*7/8/9 END OF RECORD
3 4 0 .15000 .70711 .0 s70711
.0 1.0 100

1.0 .0 1.0
3 4 1 -.15 070711 00 .70711
.0 1.0 1.00

1.0 1.0 00
1.0 .0 1.00
*7/8/9 END OF RECORD
1.0 .0 1.0 2
e71 .45 o45 '4

.17 .17 .95 9
*7/8/9 END OF RECORD
*6/7/8/9 END OF FILE



N NW aN aý
. 0 4 S * * *
L~~J W J U L, W wC3 N 6' CD 6M N a

In. I*a 14 . .4 .4 m r
Cý 40 P. k P. K.
.1 .4 N .4 NI .4 .4

*+WW . .++ ... . ..

000 oa N0 N Ot o P t ,?
+4*P- P 444rI 0-U 444 +4 -

%0C %D C~ LfjD kv Nm o %

0r .4 4 C, 4tI US d lt..4 P. 4 -

00D Ooa eno CDC D 3C5 mL
CD0z0 CD DD 0 0 0aaDo
444 4+4 +4 +4+ ...

NP-. 'A N F.NUS s. t -

00 C3 mo 00C C 00CD
+ +4 .+ + +. + 4-4 UN WLt Lj ILo W * L) L. U,m.4 40c a C4J 4 .4 ýH m C0 4* % C D 000 .4.4 acC0NIk2 > m PN a CLALm P. P, m
cud0 N CNJ 00C P, F,

a00 aa3 0 00 D 3 D C 00
.4 . . .444. + 4 + 444.

W U W U Lu L I Wl LU LU LL, Li W Lu
C mm 03cm0 cNC 0gocc N M P

0ix3-N 4 ' nm t mI~ m fl- Wf~L P,
LL Ir N , )I .- P-C 1 , P

z CD
.4.4 CD m 0 Y cl 0003 000c C
L) .4 +. + + + +4 +4+..w w 0 a LiU LU Lu LU LjjUL WiJ LiUw .V) 0 co cc 4 .4 co tr * C ~M)C, to kV &NC C4 a- m4 C 00 CNj e( NI P.. at. CLt'f LN m ?'?-

cc C = w cc NJN t-.Co PI

. . .4 .-I . . . .

ow-VLJ . + + + + + ...1 ~ -~ LUI Lu LJ .;w U.) WUJL&Jj. C3 .aDC (3 to 0o Co Ct CCt(A lA-I .414 .4 CD cc %r CD 000- -10 1.0.- Ul. I UL Xw. 0 >- N M t'\ ,N V-1U'LPI

(Ae Ot. w z . . . . ; . . .z . 0 aý a) aD
LU LLLZ U

0)0 dK WUa

Z W. X ~ Z MUZC .4 .4.-4 NI.-4NJ .4NCV NJN 4

53



N C C N C N 0 N N C N C N C3

1 + I * + 4

C .4 L4 . 4 M CM C . 4 . 4M N

0' N N Nao N N 0' N N 0 t- N
* ' .4 . N I4 N 40 N 4 N . 4 * .

lt ,C L. 0 co C0 5 C C.L, miC r.,c L, t, CI CC, I
+ 44 + + *4 ++ +4*+*+ 4+4. +4+ +44+*+ +4
Li u i w wi W III w i, J Ju WWL ui W LLJ Li -LLI U LAL,

77 NW kill' OUN 0 S.MP IDN 0cII %D lt Pn 0 ,DIN mNm
N7 N.CN M.L1 koa o pM m m.4 2 r2 NNl f IV I~ U)' t MM.4 0 O)x -N N .4t. N P. FI 14t x ). N P 4 11 OLil Fl U) do N 44t4

N'D ILAo %Duto FC0.- k m N m toN kc0 Cu'

C2 C' MC C5 0 C, M=C5 CM C Co C IMC 0 0 0C
a C2 CD c L c c C c c+4+ + 4.+ *44* + 4 4 +4++ + 4+ +4 +4L'w W LLL' l~ i L, WL. U, Wl ' W U, U, w W U.;U Li Ll Li U, ul wi L

u, N, Lf U'0'P,# M N M 4 .4' fr , p a P a m1 O N F, 14C ,4

m c 0 ca l cc ae N ID '1e 1 ' D M n

InC eC3 0 C ' =c C5C C, C c = = C, CD
4+ + 4+&+ + 4. 44 + 444 4. . .444+
w~ . LLJ tJ~ Li0i -t Wm m U- U, 4L.LL- Li"0I :0* T4. CMM m m "10 . .

r 0 w I = .4 .4 "1 0 .o. Ir 0 C' C, 14 c
P^~. MN LI'OLI, , " m MM >- N In LP tN 0 N. P.. m m
N O NOabN C, N 0 Nl N N C0 C I~-

I a CD 0 I I CDM c~~ fr Im. m I' m O C .C5 CDCD

C, Cc n CI C. =C=m

444+ + 4+ 4.+4 44+ 4 +4 + + .4 .4 .C

.104 "ww w w wWwU MMC CMM LU\U U.* CMM MC Ul ULo C
Inr. cc do QN NOO wo ) mmM mm M- N O .0. wNOw mmm .4

x >- i L" c Lr, ' MMM KM X (- ?IN LUL1 MN 40 mmm mmm N P-~ N
NOj rN V'- , FP-P l- IN CV O CN NC w P, P

~ 'C0r~ M,.O ~Lbf' MO Mfl~ .O 'C 1LrLI~ LD

+4+ +4 4+ +14. + + +4 +4 4+ +4+ ~LU I Liil wW uw i uiL w U-Li W, w LL L i u U 0
00 do - 1 t m 404 4M T0 4 0 C,~N Pl f)

(i 'N fl, c m .4 -1 c - Om tN (VNIN, wr =~. cc t; or
X >- ~ r-. P, 01W!' M mX >-N r.f - Lt' U' 11 - t I

ON NC NON -- CO Cc NNO IN-.

0 CD C, 0 MCM CD I= 0 C

4 44 *+ + 4 +4 +4+ + +4 + + 4+Li Li., L, WWj .;W Lii Li w Li1 Li Li~ii 0
40 Cc 00 0 04 T C- 00 0 4 0

.4.4.4~0 CI W0 an0 CC 4.. 21 ' a
X >-f N ' 1 "I m N tOi t w(> Cf N\M Nl M Ltl Lf'o

.ONi NO NON Co CmNJ 0 N NNo

0) C C CY PC CLACI

I-, C

Li x m .41411% N .4'O 14 N - N N Li U ZC. r 440 z,4 .4N. wN
VI .4 N 4 cu

54



cu ou

CC,

Cl0 V) (

Lii L0 i w L

-a +i I I 1-

H ) N H4t -a . Hýor -0Na

U. m 
Q- 4M0% 3c qma

0r 0 cmr ,doNf)C /1 jIl

CDLi .4 W ý 4P

L) 0 0 H ý

wi LIt u i
II I I.-

H H55



.T. - U' rIn- -tU' - t U '.r-r- 444 n N 4 U4 I )4 .. 4 4

a ' WWUN0,U , -I -T U, -T -w 1 N4 wWWWiL aI,-WIN~ 't I ?- I -1 4 1, -1 m t 1 N r,

ZO .ý C 0OZ . 2

r-N ~ nc 0Ll?)a l1 0l rl fl N N NCScy'IU, -)a, U, PI) (71U,'D m fl.N CSi

L, -I -ýr ,mr5- 4 . ,- !mL 4M - l -N N . 'ýSN.4 ?IN. ~ O) m 4S.. I.
N .4 1-` l)=- F,- a1 ) 1m In0i 10fl S-1- ) n- r-)r4 4~ C C .C4omoC m.- 'J

m -1 0.i !` v0.\ k - oWCiNN1 1 - ~ -NI -(jW NNf-'
M' ": C:C UC :M 'C :1 ýCýC ýC ý

I= a, ul IDt a l'-~ cl-r.S4 M
In (r a, P, Ir - If YLlr m nU I=,ITI D m(

x r-N N. (P N fL) M-t NJ1- n 4 .N O4 CN m. 10- C3-r-aN10mý Q op) N~O m~ x~~ t %D- N.cT

10- TmI Dw \ -mI t w > w~ %0 NS %D 4S .1 =t N .-4 U'j cN NI >C C C NUCU±U 4 CC C'', r-0'DN X -t -t
NU'NUtC%.-..)CSZNU'L% "t V: 'flU'N%'N %

m' P, w' ID t 0 w10.0 f. mw-1w mw 1 mw n-tl C, w
C l- ~ -- c r rf) I r lr TmTI ~ tu C, -t -11 11M1 IT- -

C,~~~~ ~ ~ ~ I f ralmr Tu 1(1- tf r ~ DLlLlmCj - r TC l - r N 0c,(jc
> I ' M , l N T 4 'r Cl 1 r lKNu'4=CS1ONU0 ~ 1 r 0II -ul1 I , r

u LL: CCS CSSCLP 4.4 'S T 4U: Li C TSU 'CSCNT4 C

> -- - N MI I ' ID -g i

C CM- -CU 0 X W I m - 140 N CSNX

.t (1 u 04 I 0m % cot-4EC UPC N 'N CS'Si m t mv t - ' w14w - 1 - L0 N4Cm

a) N N m 'c'Ut Nm ' l x" N U 'nU'N0. - f) Lr C4.--1'00'U.1CSCS)SI.ý >4 '4 M S S UC\J %DUr.
CC Pýp- Lf Lr, o keN llýko X l- > t 10 N U' x C ,-4-.4 N>CTI Sjm lNul-IcI

C I CI CIlýL C ý

P.- ' S U' 4 m' U .± N U'C U'4JITmN.NmN m ý 11 lm t I

L, L.Ju

T-I a- 4 (JfN , 1-O'M T SM-4 x c-' S. r-a IC . Im0 . . 1mC l
C' 11 11 CS (r (I Ni -UCN SU N. 1- CS I' T mT %,I In l'- r. flU C . c' CS 417 mT l= I, V)SN.

o N P.-N .4 m m m m m m 0 NNN.4 In n m-4 m r - 0 N f-N -1 M IT M 4 M M
0• t Tl' U'4mNwCM)LIN 0SU'Y u, U4 4 r mC= CS ou'C, w U'44_N. Imomommmo'

m. ('T m CN m f- mN r- mC nC n- S m. N'CNNCD."SmNmC I0t U C N P.?.m('Nf. = m

0 0.0

U' U' U'UM 't LI 2-0 m - 4 N M - l W n C 4 N. I t U
0 0.

56



x ~ ~ ~ ~ ~ ~~~'~ 0 %ý400 4 o n4 4W. 0C

v - n4 ,V o4*C I Nt ý NI-C % Nt 4

- 4 , WC .4M M0 4M W ýD0 M4 P- .4.4 0- LO%.4

0 N ý LN Xr- UN m0 r, U~ U)0 lý 4 ýDm mN1 C m t P
w P I 0 F I p-m 0m w US CDN w w

0' m0 . 4V=MI
o o o . . ~. . ooo . .

U' N * ~ ~ ~ uTmmI n- ,1 A4 S T 340 MN" ýN
V, 1 ako a, n LD . M t, rj ýUl C"Or UN 1ý. UNa, .- 4, k

-4l M P. nM M - 4 - J n Dme IC t4 I.

O1 >0-U l l tLlF omP ~ tc 0mI rý om(

%D> 1 4 ot 4 N 4 f4 ciN j(jc ota P% n- 4-
. . L

Ills ilill lill

o o .N . .

gill_ 0M tM M f - P- PI- -4 4r '1 NC

X .44 b-4I I r IW 1 1x m4 - ,I C )C 'c,(ýC

C7 ,4WM.14..4...4UXI tO'N.N N N 4 rc m .4 ý.4 a, m a, .4ON r-P,

L.. It Lb. 11
ot: $-4 (Y -q

U' >- W~ >-
>1 3 )0 4r P, F-- 4 00'to 4 >

O o 0 .
CfJ uCi

N~~NU.~C0-INC'JLCrW 11 N ~ l 0O.NJ~
N - N -P-. .4 IN N c 4 0 r)I. 44.4 C I . 4N . n a, 4 r m,.tý

OL 1-4 I, r- ý fb a,4 UN.0 4 ILN- j t - -1-. 1- -4 In ta,.

.4~ -4 4

a. o 057



C'00.1 000 4006 NOO N 0oco0

m 000I) tt .0 ~00rN N

a' 0 rl) m a -t Oc . 0 N ýf
SNDO fl)O ,4 N I0

m00 (71 U4 fl) 0 r--tm r C M )T

N ILI I-- 0 I. C\; m Zc I

U,0 L) U, Lf00 V) cN .o
10I C'j. Uo.1 pr -t00 r- cr ~ 10

>, -t (rI\x - U t t V

ZIL T II >. 0. >>ýr

0Cý0 0000 000 C00 000,

00: 000 -ý 000 000 0000 C

0

u ol
W Ct w N m 0 cc f' mr-- -o m0 ODN m~

o .l cc--- m .c mo,=00 .c mG

0' 1 011 C

o 0 m000 0 00 0 00 0

- -C a yoM a a,0 000 )>.N m00X0> P(-4-- 000
Us~ ~~~~ >. >(00 >COO x0 0 m>) O ~ > X 0

0 I-1 " ~ J Lf4;J 4 . mc'Jmm 0 ul , UNN

Z l 0 04 0

I- 0 xsU

0 m 0000 -- 9

W .Us .. IN4 W Us L *.Ii'J m Us LL ItI0 -4 W.IJ M -tF *.41J W 4t4 \
Us -4-9 -Z 9

0 x n- 0 Ix 0 0.

58



.4

C=

14m c -0 lU' )r)- 0%

'-4

oL N'D Lr 'D ~ .(D4 N~ CVc t r t4tC)Cs~

0

or ., Irf-- ~ ntG. a, P* a,

r-Li l (7 r-4 tUt o~rr ..t4 %D XfLrN

LU-

a-

nC= C en' el ONCDLfý ýoN4. t -40-4

-t c )C= mC, D oI CDD ODD ON. oU mDl

t-- C'~ D~- CDD- N =. n N4C 4c 1- 4 '-4 -4NC~ )C ~ l -t -n

14J

C3 mC CDD c P cm-- ae~, nC

m c CDC)m=CD ODC3D~ LgLvC', r-N. m 44D 03
C, mD n D DOD aD 9=JN flO r. =- - =WD4m

C.' ODD COD C3- 44. coamCZ ( , ) -Goc

C >- DO ~ C'OD>-6''D ~ O~O;

CA =c C)D CD D N C\J N t o-tu r L ±,-
W(P " ,D: D CD D X L'f 4D m ~ j14v4 xpr L Cj x4 Lre m

7' 0C . .. ': .: .:
W1 00 x- = 4.141:

I- 0. Z0 . . Z0

n & .4NFC W PO I-4 14 NF r) W 0-4 4N C W q If4,.N~ wi q (\j ?I) Wj H 14 (11
I-~~- 0. 4I 49- . - .4

59



C,

r'.
0ý

N4M C lC r ou - rcca

m ,1 0 ~ l ~ - r -ý
0,(jr I ~ 3 - 0LNL r r

N0t m . ,N ý l lc l 4CI ,I -c
0>

V)(Y L c G .0'4 -0O

a, InLr f--4 0rl)r 0 LfIN
O ~ l(If r- -tU 10JO 4U, r0- Lf'U,

VI

Nj a,0 0 a0 vdH or o Lr\UNO

r- >.-44 u,- 4 1~40 >00r- 0 L000

III Ir C, IIt tII

00 4 .-. 0 0 0Ný

HL - -OI 000' 4 4 WiA orlA
)rNO cOr~ a, 10 I

0 >044Cý1ý 1:1 C04 >Cýt >00 >00.:-

'-a4NC,.0L fm-

7C)

000 000 w 00' L r'LI'If

f', ly0 1-4 .- 4-IN m00 w - w - o m Lin L tim U 0 I
-:x000 0 1 C O

En O O N '.I' N I~C ~ 0 0 C

H N.- O. ,10.4I I0



APPENDIX C

DECK SETUP FOR RERUNNING SECTIONS 5, 6, AND 7

JOBNAMECMl30000,T400,P2* * USFRS JOB CARD *
CHARGECXXXtPPPPPPPPCCo,~ * USERS CHARGE CAPRD
ATTACH(TAPEO3,CXXXT03)
ATTACH(PF1,CXXXPF101) * CXXX IS USFRS I) *
ATTACH(PF5,CXXXPF501) * PPPPPPPPP IS USERS JOB NU,5ER*
ATTACH(PF6,CXXXPF601)
ATTACH(PF7,CXXXPF701)
RFL,65000,
SETCORE(INDEF#ADDR)

PF1. VFRSION 1
RFL ,65000o
SETCORE(INDFFADDR)
PF5s VFRSION I
R FL9 75000.
SETCORE( INDEF#ADDR)
PF6. VFRSION 1
R FL9 130000.
SETCORE( INDEFADDR)
PF7. VERSION 1
EXIT.

DMP9,130000.
7/8/9 END OF RECORD

SAMPLE PROBLEM SPHERE
12 3 150 150 150 3 .000ll -1
1.0 *0 a0 1 1 1I

o92388 .0 o38268 1 2 1
.70711 .0 .70711 1 3 1

.92388 o38268 *0 2 1 1

.88808 @32504 .32504 2 2 1
o67383 .30320 .67383 2 3 1
.70711 e70711 .4, 3 1 1
.67383 s67383 a,332 3 2 1
e57735 .57735 s57735 3 3 1
o0 1.0 ou 1 1 2
.38268 s92388 o0 1 2 2
.70711 o70711 eo 1 3 2
.0 .92388 .38268 2 1 2
e32504 .88808 *32504 2 2 2
.67383 .67383 .30320 2 3 2
00 .70711 *70711 3 1 2
o30320 .67383 967383 3 2 2
.57735 .57735 .57735 3 3 *2
.0 s0 1.0 1 1 3
60 .38268 .923"88 1 2 3
.0 s70711 .70711 1 3 3
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*38268 .0 s92388 2 1 3
*32504 o32504 s88808 2 2 3
*30320 o67383 &67383 2 3 3
o70711 .0 .70711 3 1 3
:67383 *30320 .67383 3 2 3
.57735 o57735 o57735 3 3 3
e57735 o57735 .57735

7/8/9 END OF RECORD
4
'999 e888 .777

15.0 60 -1"0
2.0 3.0 .0

.0 .0 2.0
* 7/8/9 END OF RECORD

3 4 0 .15000 .70711 s0 .70711
.0 1.0 1.0

1.0 1.0 .0
1.0 .0 1.0

3 4 1 -.15 .70711 s0 .70711
,0 1.0 1.0

1.0 1.0 .0
1.0 .0 1.0

7/8/9 END OF RECORD
1o0 .0 1.0 2
:71 .45 .45 4
.17 .17 o95 9

7/8/9 END OF RECORD
6/7/8/9 END OF FILE

/
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arbitrary shape. The surface of the body is approximated by a set of plane
quadrilaterals. The solution is constructed in terms of a source density on the
surface of the body. The integral equation for the source density is approximated
by a matrix equation on the assumption that the source density is constant in
each quadrilateral. The matihix equation is solved by an iteration procedure.
A problem with 500 quadrilaterals requires about 15 minutes of computer time
when run with a CDC 6400 processor and costs about $50. A detailed discussion
of the preparation of the input and a sample problem are included. Additional
routines which compute streamlines on or off the body are described.
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